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SUMMARY

A review was made of the present world resources, reserves, pro-
duction and cosis of reactat materials iron, chromium, titanium and
bromine for proposed Redox Flow Cell Bulk Energy Storage Systems.
Supplying required materials for multimegawatt hour systems appears
to be feasible even at current production levels. Iron and chromium ores
are the most abundant and lowest cost of the four reactanis. Chromium is
not a domestic reserve, but Redox system installations would represent a
small rraction of U.S. imports. Vast quantities of bromine are available,
but present production is low and therefore cost is high. Titanium is
currently available at reasonable cost, with ample reserves available for
the next fifty years.

INTRODUCTION

The emphasis upon energy conservation has stimulated the search
for cost effective electrical energy storage schemes to improve the oper-
ating efficiency of electric utilities. Many types of electrochemical energy
storage systems have been prenosed for this purpose with serious develop-
ment being initiated on several of them (ref. 1). The primary need for
bulk energy storage is to enable electric utility companies to meet the peak
energy demands of large metropolitan areas. Energy storage also allows
for more efficient utilization of the base load generating equipment. Also,
the success of solar photovoltaic and wind turbine generators as alternate
energy sources is very dependent upon suitable energy storage.

One electrochemical system for bulk energy storage, the Redox Flow
Cell, has been under development during the last four years at the Lewis
Research Center (ref. 2). A schematic diagram of the system is shown
in figure 1. Energy is stored in two soluble reactant fluids. The two
separated fluids flow through an electrochemical conversion section where
oxidation of one fluid occurs on one side of an ion selective membrane and
reduction of the other fluid occurs on the other side to produce electricity.
To charge the system, current is supplied by the power source, for exam-
ple, electric utility company, solar or wind generator. Initial work has
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shown that the Redox system could meet the eriteria established for a
bulk energy storage system (refs. 3 and 4).  The Redox system has been
evaluated experimentally as a storage system for a solar photovoltawe
energy system (ref. 5). Although limited in natuce, this work indica‘ed
good comr tibility and intertacing characteristics of the two systems.

Bulk energy storage syvstems based on electrochemical concepts re-
quire large facilities as well as large quantities of reactive materials.

The Redox system uses acid soluble reactants which include iron, chromi-
um, titanium and bromine. Two promising systems are the iron-chromium
and bromine -titanium combinations in acidic chloride solution.  Storage
capacities of Redox systems could range from multi-kilowatt-hour sizes
for solar applications to multi-megawatt-hour sizes tor electric utility
energy storage systems.

The purpose of this study is to assess the availability and cost of the
raw materials for use in large redox plants.  The impact of supplving
redox reactants on current production is also estimated.  Cost is based on
raw materials only and does not include processing steps to prepare the
desired chemical torm.  Known deposits of material in the Farth's crust
which could be mined 1 production were economically teasible are called

resources.  Material which can be produced economically with current

technology is referred to as reserves. World production was used as the
basis for the impact on production.  An mmportant consideration is the
principle location ot the raw material.  Political situation witii the coun-
t1ies involved and balance of payments must be considered, but the impact
assessment ol these factors in detail 1s bevond the scope of this report.
Redox system costs, sizing and modeling studies have determined
the quantity of material required for a particular system (refs. 3 and 4).
In this study, the effect on production was based on a 20 MW, 100 MWH,
60 percent utilization svstem.  This size of svs‘om is typical of as a stor-

age facility for a utility company with daily cvele storage requirements.

RESULTS

Statistical information was obtained from references 6 and 7. Results

of the study are tabulated in table 1. The supply and cost of the three metal
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reactants, iron, chromium and titanium were based on their ores.

Iron ore contains about 30 to 70 percent iron.  Chromite ore, the

source of chromwum, contains between 22 to 38 percent chromium.
lmenite and rutile ores are the sources of titantum.  Hmenite ore con-
centrates contain about 32 percent titaniom.  Rutile ore concentrates
contain about 60 percent titanium.  Bromine is produced in the elemental
state, Br,, or as salts such as NaBr, KbBr and t‘ul\r.:.

Iron :;rv resources are the most abundant of the four reactants with
am;\m“ tons of minable ore. World reserves are estimated at 32 percent
of the resources. The U .S, A has = 14 percent of the world s tron ore
resources.  Domestic resources could meet torecast demand through the
vear 20000 However, due to advantages in price, quality, transportation
costs of some forcign ores and investments by U S, steel producers in
foreign mining projects, imports of ore are expected to continue.

World chromium resources are considered to be abundant with an
estimated 18\109 tons of chromite ore available. However, domestic
resources of chromium are small and low grade. Domestic production
of chromium was curtatled in 1961 Most of the chromite ore s located
in the Republic of South Africa and Southern Rhodesia. World reserves
of chromium are about 15 percent of the resources and are predicted
adequate to meet the demand for the foresceable future.

Hmenite ore supplios 85 percent of the world's demand for titanium
The remainder comes from rutite. World resources of ilmentte total
3. ”.'\109 tons of concentrate. The U S, A, has major ilmenite resources
or about 16 percent of the world resources.  In 1976 the U.S. A imported
44 percent of its tlmenite. World ilmenite reserves are 21 percent of the
resources. Other major locations of ilmeatte are i Canada, Norway and
South Africa. Ninety-nine percent of the domestic ilmenite production 1s
used for titania pigment production

Rutile ore is much less abundant than tlmenite. World rutile re-
sources are estimated at 220~ 10V tons of concentrate with about 3 percent
located in the U.S. A Australia is the source for about Y0 percent of the
world's supply . The U.S.A. has one ratile producing mine located i Florida.
The U .S A 18 90 percent dependent on foreign markets for rutile.  Rutile

is preferred to ilmenite because of its higher titanium content and less




processing waste.  Fighty percent of the known world rutile resources
can be cliassed as reserves.

Virtually unlimited amounts of bromine are avatlable from sea water
and brine wells.  There ave no estimates for bromine resources or re-
serves.  The Dead Sea in Israel is estimated to contain one billion tons
of bromine. Major U .S, A sources are from brine wells in Arkansas
ana Michigan.

1976 World and U.5. A Production and the price per ton of the Fe,
Cr, and Tiores and bromine are shown in table L. World wron ore pro-
duction is the larvgest nl‘_tlw four reactant materials at a8 10" tons.  The
U S A produced 90N 10" tons or 9 percent of the world production.

1976 price was 818 ton. Chromite ore world mine production was

9. 40 10" tons.  Production of chromite ore was resumed in the U8, in
1996, but tonnage figures were withheld and are hikely insignificant.
Imports supplied 20 percent of UL 8 chromium demand with the balance
coming from reclamation of scrap.  South African ore price was S35 ton
for 1976 but is estimated at SH4 ton for 1977, World production of the
fitanium ores ilmenite and rutile as concentrates, were 4. 28N 10" and

0. 445 10" tons. UL S. ilmenite production was 0, 60~ 10" tons or about

15 percent of the total.  Figures of the U S, production of rutile were
withheld but can be estimated at about 10 peveent. Price of ilmenite and
rutile ore concentrates were 549 and 2010 ton, respectively.  Rutile price
for 19977 is estimated o decrease to about 8360 ton. World bromine pro-
ducton was 0, 327N 10" tons with 0. 20 10V tons (07 percent) produced by
the U. S, AL Bromine price was 8600 ton,

e last two columns of table 1 show the impact on world production
il one hundred, 100 MWH redox enerpy storage plants were brought into
operation and the ore cost per 1000 amp-hr (A of enerpy storage.  (One
hundred plants is an estimate of the number of battery systems which could
be produced cost effectively per vear by four battery compantes dedicated
to electrochemical storage system fabrication (ret. 8Y.) The quantity of
reactant material required was based on a svstem operating on a daly
cvele under discharge conditions of 20 MW for b hours \:\'llh a 60 percent
atilization of reactants.  Using these eriteria, o 70" moles (equivalent

to 445 tons chromium metal, 479 tors ron metal, 410 tons Gtaniam metal
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and 1030 tons bromine) of each reactant is required for these single elec-
trode transfer reactions. Calculations for ore requirements were based
on iron ore containing 51.5 percent iron, chromite ore containing 30 per-
cent chromium, ilmenite ore concentrate containing 32 percent titanium
and rutile ore concentrate containing 60 percent titanium.  Bromine cal-
culations were based on a 50 percent excess required due to the formation
of the tribromide ion, 131'3' (Br, + Br~ ilrs') in the charged state.
Prgiine raw material was assumed pure.

Using these basic assumptions the percent of the World 1976 Produc-
tion was calculated for each reactant.

Iron ore required for 100 plants would be 0. 0094 percent of the 1976
World Production. Iron o e cost is 80.08 1000 AH. Chromite ore re-
quired is 1.6 percent of 1976 World Production with an ore cost of 80. 25
1000 AH. Using ilmenite ore as the source of titanium supply would re-
quire 3.0 percent of the one yvear production.  With rutile as the titanium
source, 15.5 percent of the 1976 World Production would be required to
supply 100 plents. Ore costs for ilmenite and rutile would be 80. 30 and
S 167 1000 AH capacity, respectively. Bromine needed for 100 plants
would be 31.4 percent of the world production and cost estimate is 82.97
1000 AH.

DISCUSSION

The current availability of the four reactant materials can be deter-
mined from the world reserves.  The world reserves for iron ore, chro-
mite ore and ilmenite ore are 32, 15, and 21 percent, respectively, of
the world resources.  For rutile ore, 80 percent of the resources are
considered reserves. Comparison of the reserves for iron ore, chro-
mite ore, ilmenite ore concentrate and rutile ore concentrate are given
by the following ratios: 1619:15:4:1. Bromine could not be ranked since
quantitative figures were not available. Fither recovery tochnology must
be advanced or prices increased to make mining of the resources econom-

ically feasible.
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The rate at which reserves are being consumed can be estimated
from the 1976 world ore production (see table 1), In 1976, iren ore,
chromite, ilmenite and rutile ore production was 0. 325, 0 35, 0,56,
and 0. 25 percent, respectively, of the reserves. At this rate of con-
sumption, tron and chromium reserves would last for about 300 years,
tlmenite about 200 years and rutile ore for aboui 400 years. However,
even if the production increases at the rate of 2 percent yvear (a reason-
able rate of increase) after fifty yvears about 70 percent of the world re-
serves of iron ore and chromite, 52 percent of ilmenite, 78 percent of
rutile and large amounts of bromine would still remain untouched.
(Caleulations made using standard compound interest formula.) There
appears to be no significant depletion of any of the four reactant materials
in the next fifty vears.  Anticipating that mining technology will improve
in the next fifty years more of the resources will become resecves there-
by increasing these percentages.

The quaniity of reactant material required for one hundred, 100 MWH
plants was compared to the 1976 World Production.  The effect on iron,
chromium and titanium from ilmenite production is small, at 0.0094, 1.6,
3.0 percent, respectively.  The impact on the one year titanium from
rutile and bromine production is more significant at 15.5 and 31. 4 percent,
respectively. However, if these 100 plants would be built over a ten year
perioad, the demand would be within the scope of the 1976 production rate.

Ore prices have imcreased considerably during the past several years
and are expected to continue increasing.  Chromite ore prices have shown
the largest increase in recent vears. At the present time, chromium
supply and price outlook 1s not taverable zince the major producing coun-
tries are Southern Phodesia and South Africa.  Other chromite sources
are the U.S. 8. R., Phillipines and Turkey. Since the U.S. AL has an insig -
nificant chromium production, it is more than 90 percent dependent on
imports.  Although the chromium prive may increase more rapidly than
the other reactants, it could still remain less expensive than titanwm or
bromine.

Considering the current status for supply and cost of the four redox
reactants, iron and chromium are ranked most favorable.  lron supply

and cost poses no foreseeable problems. At the present time chromium
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import supply is ample and although there have been recent price in-
creases, it is stilt an economical reactant material. The supply of
bromine and titanium is also adequate. The supply of each could proba-
bly be readily increased if the market existed. The titanium industry
has suffered due to cutbacks in aerospace activity and could use an addi-
tional market. The cost of both titanium and bromine are higher than
iron and chromium, but would probably be reduced as production is in-
creased.

CONCLUDING REMARKS

Iron ore is the most abundant and lowest cost of the four raw mate-
rials investigated. Supply and cost poses no problems since large ore
deposits exist in the U.S.A. Chromite ore is considered abundant but
the U.S.A. supply is 90 percent dependent on imports. Chromium re-
sources are located primarily in South Africa and Southern Rhodesia.
Chromium ore costs have increased rapidly in recent years, but sill re-
mains lower than titanium or bromine. The titanium ore, ilmenite, is
available domestically although about one-half of the U.S. A. demand is
imported. Rutile, a secondary titanium ore, supplies about 15 percent
of the world's titanium ore demand. Ilmenite ore price is only slightly
higher than chromite ore, but rutile is about seven times more than
chromite. Although no quantitative estimates of bromine reserves are
available, the recoverable amount is known to be large. Bromine price
is highest of all reactants.

At the 1976 ore production level, raw materials required for one hun-
dred, 100 MWH Redox plants would have a significant impact on only the
rutile and bromine production. Iron, chromite, and ilmenite ore produc-
tion would be relatively unaffected by the requirements of the one hundred
Redox plants.

In summary, the raw materials necessary to supply reactants for
Redox energy storage plants are available and reserves are adequate for
at least the next fifty vears. Iron and chromium are the most abundant,
have the largest production and presently are lowest cost. Titanium and
bromine are also relatively abundant, but lower production reflects higher
materials costs.
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TABLE I. - SUPPLY AND “0ST GF RAW MATEIALS FOR POSSIBLE REDOX REACTANTS

{Data in-million short “ons. |

Reac-| Raw material | Principle raw Resources World 1976 Production| 1976 Raw | Percent® of | Ore cost
material reserves material | 1976 world | S 1000 AH
localion World | U.S.A. World |U.S.A. price Juction

S /short ton
Fe |Iron ore Worldwide | 896710° | 12110%| 285¢10° | 987 | 90 18 0.0094 0.08
Cr |Chromite ore| So. Rhodesia| 18:10°| & | 2.710° | 5.49 | WP d35 1.6 .25
So. Africa ' |
I
Ti Imenite ore* | So. Africa . 18 707103 574 71 4 28 0.652 } 49 3.0 . 30
| Canada ]
I U.S.A. !
Rutile ore® " Australia 220 ]' 6 { 176 0.440 Wb 510 15.5 1.67
| |
Br | Sea water Worldwide Virtually ! Unknown | 0.327 | 0.220 600 31.4 2.97
Brine wells | Unlimited l but large |

“Based on one hundred, 100 MWH plants/year.
blnformauun withheld.

€As concentrate. Ilmenite: 54 percent TiOZ; Rutile: 100 percent TiO,,.

dScouth African ore.
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Figure 1, - Two tank electrically rechargeable redox flow cell,




